A pioneering experiment in hypernuclear spectroscopy, undertaken at the Thomas Jefferson National Accelerator Facility (JLab), was recently reported. The experiment used the high precision, continuous electron beam at JLab, and a special arrangement of spectrometer magnets to measure the hypernuclear spectrum from C and 7 Li targets using the (e, e K + ) reaction. The 12 B spectrum found in this investigation was previously published, but is reported here in more detail, with improved resolution. In addition, the results of a 7 He spectrum also obtained in the experiment, are shown. This latter spectrum indicates the need for a more detailed few-body calculation of the hypernucleus and the reaction process. The success of the experiment demonstrates the potential of the (e, e K + ) reaction for high resolution spectroscopy of hypernuclear spectra.
I. INTRODUCTION
The introduction of strangeness into the nuclear medium challenges conventional models of this low-energy, hadronic, many-body system. Of particular interest is the fact that in the single-particle model of the nucleus the can be used to probe the nuclear interior, as it is not excluded by the Pauli principle from occupying interior shells.
The effective -nucleus potential is weaker and shorter ranged than that for a nucleon, since one pion exchange (OPE) between a and a nucleon does not occur due to the conservation of isospin. Thus the N potential is obtained from higher mass meson exchanges, including the two-pion exchange coupling through an intermediate sigma ( N⇔ N) , and this leads to sizable charge asymmetry and three-body forces [1] . In addition, the strangeness degree of freedom allows the nucleus to rearrange by taking advantage of SU(3) flavor symmetry, in order to maximize the nuclear binding energy [2] . For these reasons the hypernuclear system can better illuminate various nuclear features which are more obscured in conventional nuclear hadrodynamics.
The hypernuclear system also provides a method to extract the parameters of a generalized model of the elementarynucleon potential, which is presently impossible to accurately determine directly by hyperon-nucleon scattering. Since, the N interaction is weak, one can with some confidence, relate the parameters of a N potential to those of an effective -nucleus single-particle interaction fitted to the experimental hypernuclear spectra [3] . Such information would then illuminate the SU(3) flavor baryon-baryon interaction at normal nuclear densities, and this information can serve as a normalization point, to extrapolate the interaction to matter-densities found in neutron stars, where mixtures of nucleons and hyperons could form a stable system [4] .
Traditionally, hypernuclei have been produced with secondary beams of kaons or pions, as shown in Fig. 1(a) . Because the (K − , π − ) reaction is exothermic, the three-momentum transfer to the can be chosen to be small. In this situation the cross section to substitution states (i.e., states where the acquires the same shell quantum numbers as those of the neutron which it replaces) is relatively large. On the other hand, the (π + , K + ) reaction has three-momentum transfers comparable to the nuclear Fermi-momentum, and the cross section preferentially populates states with high angular momentum transfers [5, 6] . Neither of these two reactions has significant spin-flip amplitude at forward angles where the cross sections are experimentally accessible. Thus all these spectra are dominated by transitions to non-spin-flip states.
Aside from early emulsion experiments, mesonic reaction spectroscopy of hypernuclei has generally provided hypernuclear spectra with energy resolutions 2 MeV. This is due to the intrinsic resolutions of secondary mesonic beamlines, and the target thicknesses required to obtain sufficient counting rates. One previous study did achieve a spectrum resolution of approximately 1.5 MeV for the C hypernucleus, using a thin target and devoting substantial time to data collection [7] .
Although, specific hypernuclear states below nucleon emission threshold can be located within 1 keV by detecting deexcitation gammas [8, 9] in coincidence with a hypernuclear production reaction, such experiments become more difficult in heavier systems due to the number of transitions which must be unambiguously assigned in an unknown spectrum. It should be noted however, that resolutions of a few hundred keV are also sufficient for many studies, since reaction selectivity and angular dependence potentially allows extraction of the spectroscopic factors to specific states [10] . A reaction also provides a full spectrum of states which can be clearly identified with a specific hypernucleus. Indeed the excitation strength of the spectrum is of interest, as the impulse approximation assumes that the reaction proceeds through the interaction of the incident projectile with a nucleon in a single-particle state within the nuclear medium. Thus as an example apropos to the experiment reported here, if the theoretical spectrum does not reproduce the experimental one, it is possible that propagator renormalization within the medium could be significant [11] , requiring a modification of the single-particle picture of the reaction.
Electroproduction of hypernuclei is illustrated by Fig. 1(b) . Electroproduction traditionally has been used for precision studies of nuclear structure, as the exchange of a photon can be accurately described by a first order perturbation calculation. In addition, electron beams have excellent spatial and energy resolutions. Previously, electron accelerators had poor duty factors, significantly impairing high singles rate, coincidence experiments. However, modern, continuous beam accelerators have now overcome this limitation, and although the cross section for nuclear kaon electroproduction is smaller than that for hypernuclear production by the (π, K) reaction for example, this can be compensated by increased beam intensity. Targets can be physically small and thin (10-100 mg cm −2 ), allowing studies of almost any isotope. The potential result for (e, e K + ) experiments, is an energy resolution of a few hundred keV with reasonable counting rates up to at least medium weight hypernuclei [12] .
The (e, e K + ) reaction, because of the absorption of the spin 1 virtual photon, has high spin-flip probability even at forward angles. In addition, the three-momentum transfer to a quasifree is high, approximately 300 MeV/c at 0 • for 1500 MeV incident photons, so the resulting reaction is expected to predominantly excite spin-flip transitions to spin-stretched states [13] . Spin-flip states are not strongly excited in hadronic production, and the (e, e K + ) reaction acts on a proton rather than a neutron, creating protonhole, -particle states, charge symmetric to those previously studied with meson beams. Precision experiments, comparing mirror hypernuclei, are needed in fact, to extract the charge asymmetry in the N potential.
An initial experiment [14] , in Hall C at Thomas Jefferson National Acceleration Facility (JLab) has been previously reported, and this paper discusses the experiment in more detail, presenting an improved B spectrum as well as a previously unpublished spectrum of the 7 Li(e, e K + ) 7 He reaction.
II. EXPERIMENTAL DETAILS
In electroproduction, the and K + particles are created associatively via an interaction between a virtual photon and a proton in the nucleus, p(γ, K + ) . The hypernucleus, A, is formed by coupling the to the residual nuclear core, (Z-1), as shown in Fig. 1(b) . In electroproduction, the energy and three-momentum of the virtual photon are defined by ω = E e − E e and q = p e − p e , respectively. The square of the fourmomentum transfer of the electron is then given by −Q 2 = t = ω 2 − q 2 .
As will be shown below, the number of (virtual) photons falls rapidly as the scattered electron angle increases (increasing t), and thus the distribution of (virtual) photons also peaks in the forward direction. In addition, the nuclear transition matrix element causes the cross section for hypernuclear production to fall rapidly with the angle between the reaction kaon and the (virtual) photon. Thus experiments must be done within a small angular range around the direction of the incident electron. To accomplish this, the experimental geometry requires two spectrometer arms, one to detect the 044607-2 scattered electron and one to detect the kaon, both placed at extremely forward angles.
The electroproduction cross section can be expressed [15] by
Thefactor, , is the virtual flux factor evaluated with electron kinematics in the lab frame, and φ is the angle measuring the out-of-plane production of the kaon with respect to the plane containing the beam and scattered electron. The factor, , has the form
In the above equation, is the polarization factor, E γ = ω, and α is the fine structure constant;
The label on each of the cross section expressions (T , L, T T , and LT) represent transverse, longitudinal, polarization, and interference terms. For real photons of course, Q 2 = 0, so only the transverse cross section is nonvanishing, and for the experimental geometry used here, the virtual photons are almost on the mass shell, Q 2 = p 2 γ − E 2 γ = 0 so the cross section is completely dominated by the transverse component. Thus the electroproduction cross section may be replaced, to good approximation, by the photoproduction value multiplied by the flux factor. Experimentally, is integrated over the angular and momentum acceptances of the electron spectrometer. In order to maximize the cross section of the elementary, p(γ, K + ) reaction, the photon energy is chosen to be about 1.5 GeV. In addition, to keep strangeness production limited essentially to kaons and s, the energy, E e , of the incident electron is chosen to be approximately 1.8 GeV. In this way, backgrounds from unwanted reactions are reduced. This also allows a physically small, low-momentum electron spectrometer to be employed, as the scattered electron energy, E e , is about 0.3 GeV. Figure 2 shows the calculated virtual photon flux factor in units of photons per electron per MeV sr for the chosen kinematics. This flux factor peaks at zero degrees and falls rapidly as the scattering angle increases [16, 17] . With electrons detected at 0 • , a large percentage of the scattered electrons are captured by even a small solid angle, increasing the coincidence probability between these electrons and the reaction kaons of interest. In addition, because of the small beam spot (≈100 µm), the ≈0 • to 4 • electron scattering angle, and the small momentum value of the scattered electron, it is sufficient to measure only the electron position on the spectrometer focal plane to ensure excellent energy resolution. However, the disadvantage of this geometry is a high electron background rate from target bremsstrahlung, which ultimately limits the usable beam luminosity. Once the choice of the incident and scattered electron momenta is fixed, the production kaon momenta are determined by the kaon production angle. In this experiment, the chosen kinematics produced a kaon momentum of ≈1.2 GeV/c, providing a three-momentum transfer of ≈300 MeV/c to the recoiling . The kaon momentum provides a reasonable kaon survival fraction, and allows π/K discrimination using threshold aerogel Cerenkov detectors coupled with time of flight. Fig. 3 shows a schematic view of the experimental layout.
A. The beam
The beam has a bunch width of 1.67 ps with a bunch separation of 2 ns. While the absolute value of the energy of the incident electrons was unimportant (although for kinematic reasons to be discussed below, it did need to be determined), it was extremely important to precisely maintain whatever this energy was over the several weeks of the experiment. Thus the beam momentum is locked by a fast feedback energy lock system installed in an arc of the accelerator. This system measured, at a repetition rate of 1 kHz, the beam parameters at the entrance, the position of maximum momentum dispersion, and the exit of the arc, to extract an energy correction factor. This correction was then applied to the last cavity of the accelerator, maintaining a constant beam energy. The feedback lock controlled the average energy of the primary electron beam to a δp/p 10 −4 . The intrinsic energy spread about a given average energy was controlled by tuning the spread in the injected energy. A similar lock system maintained the beam position on target within 100 µm. Although the intrinsic spot size was tuned to be 100 µm, the beam was rastered over a 4 × 4 mm 2 area when incident on the CH 2 target, to reduce beam heating. The beam position on target was measured and used in the analysis of the calibrations and data in order to correct the resolution for variations in the position of the target spot.
Beam intensities were set to produce an acceptable signal to accidental ratio of 0.6. The intensity for the C target was approximately 0.6 µA, or an experimental luminosity of approximately 4 × 10 33 cm −2 s −1 . Due to the lower radiation length of the 7 Li target, a higher beam current of about 0.8 µA was used. To protect the CH 2 target, the beam current for this target was kept below 1.5 µA.
Finally, to satisfy scheduling constraints the experimental data was acquired at two different beam times with two different beam energies, 1721 and 1864 MeV. These different energy data were analyzed separately, but the kinematical conditions for the two beam energies were close, and the spectra showed no energy dependence within statistics. Therefore these data were summed after separate analysis to increase the statistical significance of the final spectrum. In addition to calibrations, about 400 h of data were collected with the C target and about 120 h with the 7 Li target.
B. The splitting magnet and targets
In order to detect both scattered electrons and positively charged kaons near zero degrees, a C magnetic dipole (splitter) was used. The target was positioned at the upstream side of the effective field boundary of this magnet. The splitter deflected electrons scattered at approximately 0 • and kaons at approximately 2 • by 33 • and 16 • , respectively.
Three different, target foils were employed, CH 2 , 8.8 mg cm −2 , C, 22 mg cm −2 , and 7 Li, 19 mg cm −2 . By observing the p(e, e K + ) and p(e, e K + ) , the hydrogen in the CH 2 foil was used for energy calibration and optimization of the spectrometer optics. These procedures are described in the subsections below.
C. The kaon spectrometer
A short orbit spectrometer (SOS) is one of two existing magnetic spectrometers in Hall C at JLab, and as it has a flight path of ≈10 m, this spectrometer is particularly useful for the detection of particles with short half-lives. However, it has low dispersion and large momentum acceptance, and these characteristics are not well matched to the present experimental geometry. Nevertheless, because the SOS was mounted at the Hall C pivot and had the sophisticated particle identification (PID) package [18] required to identify kaons within the large background of pions and positrons, it was chosen as the kaon spectrometer for this first (e, e K + ) experiment. It was expected that the overall resolution would be dominated by this spectrometer [22] .
The solid angle acceptance of the splitter/SOS spectrometer system was approximately 5 msr, covering a range of scattering angles from 0 • to 4 • . The error in the reconstructed kaon reaction angle was about 13 mr (FWHM), and was dominated by the horizontal angular measurement error. This contributed about 200 keV to the missing mass resolution when the atomic number of the recoiling hypernucleus was 6. The central momentum of the SOS was set to 1.2 GeV/c. The momentum acceptance was ≈46%, but only the central ± 15% was useful. This acceptance was nearly flat within the missing mass range of interest.
The standard SOS detector package was used. It consisted of (1) two sets of tracking chambers separated by 0.5 meters;
(2) four scintillation hodoscope planes; (3) one aerogel Cerenkov (AC) counter with an optical index of 1.03; (4) one lucite, total internally reflecting Cerenkov (LC) counter with index 1.49; (5) one gas Cerenkov (GC) detector; and (6) three layers of lead-glass shower counters. The tracking detectors were used to determine the position and angle of the particle on the focal plane, and by projection, its production angle from the target. The scintillator hodoscopes were used to localize tracks in the wire chambers, and to obtain timing and time of flight (TOF) information for PID. The aerogel Cerenkov detector was used to veto pions and positrons, and the lucite counter was used to remove protons by tagging high-beta particles. The gas Cerenkov detector and the lead-glass shower counters were used to remove positrons.
D. The electron spectrometer
The scattered electrons were detected in a split-pole, magnetic spectrometer (ENGE) [19] , which was well matched to the geometrical kinematics and acceptances. The spectrometer coupled with the phase space of the incident beam, had the capability of obtaining 5 × 10 −4 resolution (FWHM δp/p). The central momentum was chosen to be 300 MeV/c with a momentum acceptance of ≈ 120 MeV/c. The solid angle acceptance of the combined splitter/split-pole system was about 9 msr, which effectively tagged about 35% of the virtual photon flux for 1.5 GeV photons. The spread in the (virtual) photon momentum was ≈120 MeV/c, centered around ≈1500 MeV/c. In summary, the geometry of the electron arm was possible because of the excellent phase space of the incident electron beam, the thin targets which limited multiple scattering, and the extremely forward peaking of the virtual photon flux factor.
However, target bremsstrahlung also peaks at 0 • and large numbers of scattered electrons are expected to enter the splitpole spectrometer [16] . In fact the experimental luminosity was set by accepting a total rate of ≈2×10 8 s −1 on the instrumented portion of the focal plane. Tracking at the expected singles rates would have resulted in many ambiguous trajectories. However the choice of the spectrometer, electron momenta, and scattering geometry required only a measurement of the focal plane position of a scattered electron in order to obtain the required resolution. The focal plane detector [20] was composed of ten, one-dimensional silicon strips segments (SSD), each having 144 strips with a pitch of 0.5 mm and length of 5 cm. These segments were placed approximately perpendicular to the electrons, which were incident on the focal plane at ≈47 • over a length of 72 cm. The singles rate per strip was on average ≈10 5 s −1 .
A set of eight scintillation strip counters in a hodoscope arrangement were positioned directly behind each of the SSD segments. These strips were 1 cm wide, 6 cm long, and 0.4 cm thick, viewed at one end through a light guide by a 3469 Hamamatsu photomultiplier. Rates per scintillator were found to be 1.5 × 10 6 s −1 , and no change in time resolution was observed up to rates 2.5 × 10 6 s −1 . The SSD provided the position of an electron event to within 500 µm and the scintillation hodoscope provided event timing to 250 ps (σ ).
E. Pion/kaon discrimination
It was expected that the numbers of positrons, pions and protons in the SOS would be very much larger than the number of kaons. Indeed the measured rate of positrons, pions, protons, and kaons from the C target, was 10 5 s −1 , 1.4 × 10 3 s −1 , 140 s −1 , and 0.4 s −1 , respectively. Therefore excellent particle identification was required, not only in the analysis, but also in the hardware trigger.
The standard SOS detector package was used to identify kaons, and its description and operation have been previously discussed [18] . The large flux of positrons was due to the acceptance of scattering angles down to 0 • , where positrons from Dalitz pairs, created in the target, were observed. Positrons were easily identified and could have been removed in the trigger by the lead-glass shower counter, but detection of the Dalitz pairs provided a useful confirmation of the experimental resolution.
The coincident time resolution between an electron and a kaon was 230 ps (FWHM), after pulse height and path length corrections were applied. After other kaon PID cuts were applied (i.e., Cerenkov threshold pion and proton vetoes and shower counter veto), the difference between the particle velocity as measured by the TOF between the scintillator hodoscopes in the SOS detector package and the velocity obtained from the measured momentum, is plotted as a function of the SOS path length corrected TOF in Fig. 4 . In this plot, the velocity, β mom = pc √ (pc) 2 +(m k c 2 ) 2 uses the momentum measured by the spectrometer and assumes the mass is always equal to that of a kaon. The TOF between the fixed scintillation hodoscope planes in the SOS PID package uses the path length of the particle trajectory between the hodoscopes, L, and the time, T , to obtain, β TOF . The difference, β, is used to place events on the vertical axis
This vertically separates particles of different mass into bands whose width is determined by the momentum bite in the This structure is reproduced in Fig. 4 . Thus the figure shows that the real kaon coincidences can be selected by applying a coincidence window 2 ns wide. Events selected from an average of eight nearby accidental coincidence windows were used to obtain the shape and magnitude of the accidental background spectrum.
F. The expected system resolution
Since the entire beamline/spectrometer system was under vacuum, multiple scattering in the air and vacuum windows occurred only at the exit of the spectrometers. Vacuum windows were located immediately before the first tracking detectors so that this effect on the measured track-position was minimized. Table I lists the expected contributions to the energy resolution. As discussed above, the contribution from the SOS spectrometer was expected to dominate. The system resolution was obtained by addition of the various contributions in quadrature. The system resolution could be experimentally checked using Dalitz pairs from the A(e, e ; (e + e − ))A reaction, where both electrons were detected in the electron spectrometer and the positron in the kaon spectrometer. As the electrons and positrons are emitted essentially at 0 • and the electron mass is negligible, the sum of the separate energies of these particles is equal to the beam energy. The width of the reconstructed beam-energy peak, as obtained by a Gaussian fit to the Dalitz pair peak in Fig. 5 is about 815 keV (FWHM). Unfortunately the kinematics limited the electron pair to the upper region of the momentum acceptance of the ENGE spectrometer, where the resolution is maximized. However, from an optical study of the resolution over the entire focal plane, we estimate that the reconstructed energy should be approximately 900 keV (FWHM) and we believe this is sufficiently close to the measured value that an estimate of the experimental resolution can be obtained by removal of the contribution of one of the electrons from the measured experimental value of 815 keV. This generates our quoted experimental resolution of 750 keV FWHM, which is consistent with the width of the peak of the 12 B experimental ground state doublet to be discussed below. The experimental Dalitz pair spectrum is shown in Fig. 5 .
G. Rates and background
The singles rate in the electron arm was set to about 2 × 10 8 s −1 . As discussed previously, this rate was primarily a result of bremsstrahlung electrons. Therefore, the experimental trigger was chosen to be the observation of a kaon in the SOS spectrometer which occurs at a much lower rate. The coincidence spectra were then obtained later in off-line analysis. The positrons from e + /e − pair production dominated the rate in the kaon spectrometer. These Dalitz pairs were produced essentially at 0 • , and since the SOS acceptance covered 0 • to 4 • , they were accepted into the spectrometer. However, the combined use of vetoes from AC, GC, and shower counters substantially reduced events triggered by positrons, and they were completely eliminated in the off-line analysis. Rates from protons and pions were also reduced to approximately 1 kHz after on-line cuts by the AC and LC detectors. The remaining protons and pions were also eliminated in the off-line analysis.
About 95% of the background observed in the raw spectra was due to accidental coincidences. An evaluation of this background began by obtaining a spectrum of the time difference between the emission of the kaon and electron(s) in an event. This time spectrum contained both the real, and a number of accidental peaks, separated by the 2 ns time structure in the beam. The summation of the analyzed spectra from eight of the accidental time-peaks provided a higher statistics measurement of the accidental background. The remaining background (5%) was due to real coincidences of pions (misidentified as kaons) with electrons. The TOF separation between pions and kaons was about 2 ns, and therefore coincidences could occur between electrons and the pions which were emitted 2 ns later but arrived in the time window of the real kaon peak. The shape of the pion background in the missing-mass spectra was obtained by cutting on pions in the PID and analyzing coincident pions assuming (e, e K + ) kinematics. The absolute magnitude of this background was then obtained by normalizing the pion spectrum to the number of background events.
In addition, the time resolution of σ ≈ 230 ps allowed the tails of the real kaon coincidence peak to overlap with an accidental neighbor. Thus to calculate the cross section, the number of true coincident kaons lost from the real time peak was compensated by a cut-efficiency factor.
H. Calibrations, spectrometer optics, and kinematics
Calibration of the spectrometers requires knowledge of the magnetic transport coefficients. Although the coefficients for the SOS transport have been previously established in several experiments, the addition of the splitting magnet to the system requires that they be redetermined. To illustrate this point, the angular acceptance of the SOS, normally 7 msr for a point target, was reduced to 5 msr by the splitter.
In general, the reconstructed missing mass of a hypernuclear state, M Y , is a function of the beam energy, E e , the three-momenta of the scattered electron, p e , and kaon, p K , and the angles θ e , θ K , δφ eK . These seven parameters are related by energy-momentum conservation, leaving an equation of three variables if the incident energy, and angles are known. The solutions to this equation form a set of loci in the two-dimensional space defined by the electron and kaon momenta. That is, a line for each hypernuclear mass defined by p k as a function of p e . The momentum dependence of the cross sections and final state interactions influences the distribution of events along a given locus for a specific hypernuclear mass, M Y . For the geometry used in this experiment where the cross section is expressed in terms of an energy averaged on-shell photoproduction cross section, experimental events 044607-6 are projected onto, and summed along this locus, for a specific hypernuclear mass.
However the incident momenta and angles are not precisely known, although they are assumed to be constant during a set of experimental runs. Therefore using an incorrect value of the beam momentum or angles for either spectrometer arm, results in an incorrect knowledge of the position and slope of the locus line for a specific hypernuclear mass, and this results in an energy shift and spread in width of a hypernuclear state. Thus one needs not only to obtain a focal-plane-to-momentum calibration for the spectrometers, but in principle to obtain a value of the beam energy and the reaction angles of the spectrometers. However, for the very forward angles and very low momentum transfers used in this experiment, the error introduced by the uncertainty in the spectrometer angles is negligible, so that the number of independent parameters for which calibrations must be found is reduced to 3, E e and the central values of p e and p K . In addition, the beam energy remains near a nominal value for some accelerator setting, so that variations in this energy can be treated perturbatively. We have now obtained better calibration parameters than those used in the analysis of our previously reported 12 B spectrum. This newer analysis incorporates the calibration of the above three parameters in a global fit to known hypernuclear masses as described below.
The simulation of charged particle trajectories through the system of magnets and detectors used the program, RAYTRACE [21] . The coefficients of the RAYTRACE code for the SOS spectrometer were determined by adjusting the splitter contribution so that the calculated multidimensional, phase-space distributions from a point beam matched those measured when the entrance angles and positions of reaction protons and pions from the target were restricted by a set of appropriately positioned holes in a tungsten plate (sieve slit) located between the splitting magnet and the SOS [22] . Optimization of the SOS coefficients used a χ 2 minimization process defined by the difference between the simulated and observed experimental patterns. This provides an initial central momentum and reaction angle calibration for this spectrometer.
The calibration procedure then used an initial set of transport parameters for the SOS-splitter spectrometer obtained from knowledge of the magnetic fields, to find an initial focal plane calibration for the ENGE spectrometer. Adjustments to the central momentum of the spectrometers were then made to simultaneously match the correct kinematic positions and widths of the and peaks as produced in the p(γ, K + )Y reaction, Fig. 6 . This still left unspecified an adjustment to the absolute beam energy, and this parameter was obtained by a series of iterations. The latter was done by minimizing the deviations in the fit to the and peaks by varying the beam energy while keeping the central momentum values of the spectrometers constant. The optimum beam energy, as determined independently for the energies of the two experimental runs, was shifted downward by approximately 0.078% (−1.358 MeV for the 1.721 Gev beam and −1.455 MeV for the 1.864 GeV beam).
After obtaining a set of beam energy and central momentum values, the transport coefficients were refitted to the sieve slit data, and the ENGE focal plane calibration was redetermined. The fitting procedure also checked that the width of the ground state doublet excitation, obtained in the 12 C(γ, K + ) 12 B reaction, was reasonable, i.e., within the experimental resolution.
Residual mass shifts of 200 keV were obtained, and these were dominated by statistical errors on the estimates of the peak positions. The peak widths were in good agreement with a Monte Carlo simulation having the same statistics and background levels as the data.
From this more extensive calibration, the analysis produces peak widths of 2.8 MeV, 2.1 MeV and 0.75 MeV for the , , and ground state doublet of 12 B, respectively. The previously reported values [14] were, 3.5 MeV, 2.7 MeV, and 0.90 MeV. It is estimated that the new calibration procedure produces a 300 keV error in the determination of the missing mass scale over the 130 MeV spectrometer acceptance.
The broad distribution above background and below the missing mass as seen in Fig. 6 was due to hyperon production from the C in the target. Unfortunately during the extended calibration runs, H was removed from the target by beam heating so that the C to H ratio changed. Thus a direct normalization using the known p(γ, K + ) cross section could not be applied.
III. EXPERIMENTAL RESULTS AND DISCUSSION
The experiment obtained data for both 12 B and 7 He hypernuclei. The 12 B spectrum was reported earlier. Subsequently the spectrometer transport and calibrations have been more extensively studied, as discussed above, with the result that the experimental resolution is now ≈750 keV (FWHM). The new spectrum is presented below, and in addition, we also show for the first time our 7 He results. 
A. Spectroscopy of 12 B hypernuclei
The binding energy spectrum with background of the 12 B hypernucleus is shown in Fig. 7 . Two prominent structures are obvious in the spectrum, which is similar to that predicted by Motoba et al. [23, 24] and by Millener [25] . Reference [24] calculates the excitation strengths in DWIA for the photoproduction process of a kaon at an angle of 3 • by a 1.3 GeV photon. Our original publication compared the experimental spectrum to a calculation at 0 • and a 1.2 GeV photon energy. The curve in Fig. 7 is generated by superimposing Gaussian peaks of the strength and at the energy of each state as obtained from the theoretical prediction. For this superposition, the peak widths are assumed to be 750 keV (FWHM) below and 5 MeV above 15 MeV excitation energy. The background is obtained from a polynomial fit to the averaged accidental background. The positions of the states are taken from Ref. [25] , as this latter spectrum was obtained from an effective p shell -nucleus interaction previously matched to (π + , K + ) data. The reaction strengths [24] for the low-lying states of 12 B are shown in Fig. 8 . This theoretical curve is directly overlayed on (not fitted to) the data. Figure 9 shows the number of counts and statistical error in the background subtracted spectrum in order to demonstrate the statistical significance of the data. The major excitations are in good statistical agreement with theory both in position and strength. However, statistics are not sufficient to discuss the core excited state region, lying between the major shell excitations. In comparison to the earlier, published spectrum [14] of this hypernucleus, the resolution and shape of the ground state doublet is improved. The old and new spectra are similar with differences that lie within the statistical fluctuations.
The differential cross section can be calculated as if it were photoproduction, by assuming the virtual photons are massless. This averages the elementary (γ ,K) reaction at 1500 MeV over the ≈100 MeV spread of virtual gamma energies. The weighted average of the cross section measurements for the ground state doublet at the two incident beam energies is, 140 ± 17(stat) ± 18(sys) nb/sr. This value is consistent with the individual values of the separate energy measurements, and also the theoretical photoproduction prediction for this angle and energy [24] , 138 nb/sr. The 2 − component of the ground state doublet is predicted to lie at approximately 150 keV excitation energy, and is expected to be dominant, Fig. 8 . The resolution (and statistics) is insufficient to identify this splitting. The 3 + p-shell state is also predicted to dominate the spectrum in the dominant structure at this excitation energy is actually created by the overlap, Fig. 8 , of the 2 + and 3 + p-shell states [25] . These two states are not as degenerate in other calculated spectra [24] which use slightly different effective parameters. The newer data suggest that this p-shell peak may be broader than first indicated, but statistics limit the ability to draw specific conclusions. The results do demonstrate sensitivity to the effective interaction and the DWIA transition amplitudes.
The binding energy scale is determined from the position of the and peaks in the calibration spectrum. The 12 B binding energy is found to be 11.52 ± 0.35 MeV and is in agreement with the accepted value [26] obtained from a measurement using emulsion, 11.37 MeV.
To confirm our cross section normalization, the quasi-free component of the experimental spectrum was extracted, and the yield corrected for acceptance and momentum transfer [27] . We obtained 4.2 interacting protons, in agreement with previous measurements [28, 29] .
B. Spectroscopy of 7 He hypernuclei
The measured 7 He spectrum from the 7 Li(e,e K + ) 7 He reaction with the accidental background is shown in Fig. 10 . Data are binned in 1 MeV intervals to improve statistics, although the experimental resolution is comparable to that obtained in the 12 B spectrum. The threshold (B = 0) is occurs when the the relative velocity between the unbound and the 6 He core is zero, i.e., the separation threshold. Negative energies represent bound states, but in this case the 6 He + n and 5 He + (nn) thresholds are some ≈2 MeV below the threshold value as defined above. The theoretical prediction [30] of the reaction strengths is shown in Fig. 11 . There is little resemblance to the data, although the experimental statistics are poor. For example there is no evidence of any bound state production, although the ground state has a predicted strength of 30 nb/sr. Statistics limit the interpretation of the spectrum as the average statistical error is about 13 nb sr −1 MeV −1 between −10 and 0 MeV. Using the expected resolution, the total statistical error in the data is approximately 16 nb/sr summed over a 4 σ width about the expected ground state position. As discussed in Refs. [30, 31] , the cluster structure of the 7 He hypernuclear system will affect the intrinsic widths of the excited states.
The data may suggest a peak at about 7 MeV above the 6 -He threshold, having a statistical uncertainty of about 9% and a width of approximately 3 MeV (FWHM). The background subtracted spectrum with statistical error is shown in Fig. 10 . If the enhancement at ≈7 MeV in the data corresponds to the superposition of the predicted states near 5 MeV, then the excitation energies are incorrect and the excitation strength is somewhat less than predicted. However the widths of these individual states must be due to their intrinsic values, which are much broader than the experimental resolution. Except for the tail of the quasi-free spectrum, no significant features are observed in the data. The 7 He system has two loosely-bound, p-shell neutrons added to a 4 He core. The addition of the should significantly perturb the nuclear core, shrinking the nuclear radius. Such a perturbation is observed in the 7 Li hypernuclear system as a change in the B(E2) gamma transition rate between the 5/2 and 1/2 states [9] . Thus one expects to find a 7 He hypernuclear state [31] bound by about 5 MeV. The ground state masses of the light hypernuclei (s and p shell) are generally determined by the emulsion experiments. In the case of this hypernucleus, the mass distribution from the various emulsion experiments was so broad that a consistent binding energy could not be determined. Isomeric states could explain this broad width [32] , as the binding energy was obtained from the energies of the decay products. However this would not affect the widths of the reaction peaks in our experiment. Clearly more experimental investigations are needed, as well as better treatments of the structure of 7 He and the 7 Li(e,e K + ) 7 He reaction mechanism.
IV. CONCLUSION
The first electroproduction experiment using the high quality electron beam at JLab demonstrated sub-MeV energy resolution. For a proof of principle, the experiment used the existing SOS spectrometer in Hall C to measure the reaction kaons even though this spectrometer was not optimized for high resolution. A reanalysis of the previously published data provided a new calibration of the magnetic optics improving the missing mass resolution to a value of 750 keV (FWHM) for the 12 B spectrum. Variations between the new and the spectrum published earlier lie within the statistical errors. The spectrum is similar to that predicted by theory both in the position and magnitude of the major excitations. However the previously unpublished spectrum of 7 He is not well reproduced by the existing reaction calculation. The spectra show sensitivity to the effective -nucleus potential parameters.
Since the final state consisted of three recoiling systems, an electron, a kaon, and a missing mass, the resolution in the missing mass depended not only on the the positionto-momentum calibration of the two spectrometers, but on knowledge of the absolute energy and, in principle, the reaction angles. However, because the beam energy and momentum transfer were low and the reaction angles small, contributions from deviations in the angles was small. Thus it was necessary only to calibrate the central momenta and beam energy of the reaction. If larger values of these kinematic parameters had been used, then contributions to the resolution from the error in the knowledge of the reaction angles would have been important. These calibrations were obtained by fitting the position and minimizing the widths of the and peaks produced from the (e, e K + ) reaction on protons in a CH 2 target, using the program RAYTRACE to obtain the calibrated magnetic transport elements.
Reaction particle rates in the hadron spectrometer arm (SOS) at the luminosity 4 × 10 33 cm −2 s −1 and angle 4 • from the C target were 10 5 , 1.4 × 10 3 , 140, and 0.4 s −1 , for positrons, pions, protons, and kaons, respectively. The positron component was dominated by Dalitz pairs from the target as the SOS spectrometer acceptance included 0 • .
High resolution, systematic studies of electroproduced spectra can complement hypernuclear studies by hadronic probes and gamma spectroscopy. The high-quality electron beam at JLab provides new opportunities for future hypernuclear studies with better resolution and much better quality. The present experimental resolution was dominated by the intrinsic resolution of the SOS spectrometer. Improved resolution and count rates are expected in future studies when the SOS is replaced by a dedicated kaon spectrometer having high resolution that is specifically designed for these experiments [33] .
